SUMMARY
The piston ring/cylinder wall sliding contacts in the Stirling engine and the LHR diesel (formerly, less precisely termed the adiabatic diesel) present particularly challenging high temperature lubrication problems. Wall temperatures can be as high as 600 to lO00°C in the upper cylinder areas (refs. l and 2) .
In the automobile Stirling engine, the working gas for the thermodynamic cycle is hydrogen.
The lubricant must therefore not only provide low frictlon and wear, but must also be chemically stable at high temperatures in the strong chemically reducing hydrogen atmosphere.
At least the chemical composition of the atmosphere is constant.
In the LHR diesel, on the other hand, the composition of the atmosphere in the combustion chambers is not only chemically reactive, but is also highly variable due to the complex combustion chemistry.
Clearly, in-cylinder lubricants for the Stifling or the LHR diesel must possess exceptional thermochemical stabillty In addition to a w_de temperature spectrum lubricating ability.
Some of the approaches to providing lubrication above the thermal degradation temperatures of conventional liquid lubricants are" A pin on disk tribometer was used to determine the friction and wear characteristics of various sliding combinations of materials in carefully controlled atmospheres of hydrogen, helium, or air at temperatures to 900°C. The screening results, first in helium, then in hydrogen were used to select a piston ring material and a cylinder liner coating for evaluation in a fourcylinder automobile Stifling engine test.
Coatings were also evaluated as back-up lubricants for compliant (foil) air bearings for turbomachinery. Results of the screening tests and of the application tests are reviewed and summarized in this paper.
EXPERIMENTAL PROCEDURE
Friction and wear experiments were performed using the tribometer shown in figure I . A standard pin on disk specimen configuration is used. The pins are 0.48 cm radius cylinders with a 0.48 cm radius hemispherical tip ground on one end.
During s]idlng experiments the pin is placed in s]idlng contact with the experimental coating bonded to the flat surface of the rotating disk.
Sliding is unidirectional at a velocity of 2.7 m/s, normal load is 5 N. The pin generates a wear track of 0.05 m diameter on the disk.
The controlled atmospheres are dry hydrogen, dry helium, or air wlth a relative humidity at 25°C of 50 percent.
Specimens are induction heated, and temperature is measured with an infrared pyrometer at a spot of about l.O mm diameter on the wear track. The wear factor units are therefore:
Wear factors for dry sliding typically vary from 10-3 to 10-7 mm3/Nm with 10-3 indicating unacceptably high wear for any application (usually accompanied by galling with severe surface damage, and lO-o or lower indicating the wear rates needed for long life sliding components.
Intermediate rates may or may not be acceptable depending upon the requirement of the specific application.
MATERIALS

Pin and Substrate (Disk) Materials
Pin materials were chosen that were considered to be logical candidate piston ring materials for use in helium or hydrogen in the Stirling engine. They are two ferrous alloys, Nitronic-60 and XF818; a precipitation hardenable nlckel base superalloy, Inconel X-750; and a hardenable cobalt alloy, StelIite 6B.
Inconel X-750 pins were also chosen for tests in air because this alloy is used in compllant, high-temperature gas bearings. All alloy nominal compositions are given in table I.
The coatings tested in helium and hydrogen were applied to disks of XFSIS, which is an alloy used for the Stifling engine cast cylinder block. The coatings tested in air to 900°C were applied to Inconel X-750 because of its superior oxidation resistance.
Coating Material Selection Criteria
Some material selection criteria are summarized in table II.
The first criterion is that of survivability in the chemical and thermal environment. Thermochemical calculations are useful for estimating chemical reactivity.
Nhen thermochemical calculations are used, their limitations must be kept in mind.
One limitation is that these calculations give no quantitative indication of chemical kinetics.
Also, under some nonequilibrium conditions, as when a gaseous reaction product is contlnuously removed from the reaction site, even reactions with small chemical reaction potential may occur at an 
Plasma Sprayed Coatings
Background. -We have reported two series of plasma sprayed coatings containing fluoride solid lubricants: the PSIO0 and the PS200 series (refs. 5 and 6).
The first series contains stable fluorides and silver with a nichrome binder; the second series contains the same lubricants and chromium carbide with a nickel-cobalt alloy binder. The proportions of the components can be varied to optimize the coatings for various uses.
In general, the PSIO0 series, which is softer, has been useful in applications where a slightly This gap is known as the "appendix gap" and it is the source of parasitic energy losses (ref. 13). It therefore would be desirable to minimize the appendix gap by locating the top ring in a groove near the top of the piston.
A schematic of the ring locations in the baseline piston and in a piston with an added hot ring are shown in figure 7.
A Mechanical Technology Inc. (MTI) designed upgraded MOD I automotive Stirling engine (figure 8) was used in an engine test reported in reference 14. The cylinders were bored out to allow for a PS200 coating thickness of 0.25 mm (O.OlO in.) and the pistons were modified to accept the hot piston rings. The coatings were sprayed on the cylinder walls to a thickness of about 0.35 mm (0.015 in.), then diamond ground to a final thickness of 0.25 mm.
Each cylinder is part of a heater head quadrant consisting of the cylinder, a heat exchanger, and a regenerator-cooler.
One quadrant of the four cylinder engine, along with a hot piston ring set and a disassembled piston are shown in figure 9. Engine tests were run at 700°C heater head temperature and 5, lO, and 15 MPa mean operating pressures over a range of operating speeds. Tests were run both with the "hot rings" in place and without them to provide a baseline for comparison.
Although budget and schedule restrictions severely limited the testing, the minimum data to assess the potential of both the "hot rings" and high temperature lubricant coating were obtained. 
Gas Bearings
Figure 14 is a gas bearing journal coated with PS200 and finished by diamond grinding.
Start-stop tests of this journal in a foil bearing were conducted using the test apparatus shown in figure 15 and reported in references 15 to 17.
The surface velocity and torque profiles during a typical start-stop cycle are in figure  16 . r_\ 
